a Triplet-triplet annihilation photon upconversion (TTA-UC) can, through a number of energy transfer processes, efficiently combine two low frequency photons into one photon of higher frequency. TTA-UC systems consist of one absorbing species (the sensitizer) and one emitting species (the annihilator). Herein, we show that the structurally similar annihilators, 9,10-diphenylanthracene (DPA, 1), 9-(4-phenylethynyl)-10-phenylanthracene (2) and 9,10-bis(phenylethynyl)anthracene (BPEA, 3) have very different upconversion efficiencies, 15.2 AE 2.8%, 15.9 AE 1.3% and 1.6 AE 0.8%, respectively (of a maximum of 50%). We show that these results can be understood in terms of a loss channel, previously unaccounted for, originating from the difference between the BPEA singlet and triplet surface shapes. The difference between the two surfaces results in a fraction of the triplet state population having geometries not energetically capable of forming the first singlet excited state. This is supported by TD-DFT calculations of the annihilator excited state surfaces as a function of phenyl group rotation. We thereby highlight that the commonly used ''spin-statistical factor'' should be used with caution when explaining TTA-efficiencies. Furthermore, we show that the precious metal free zinc octaethylporphyrin (ZnOEP) can be used for efficient sensitization and that the upconversion quantum yield is maximized when sensitizer-annihilator spectral overlap is minimized (ZnOEP with 2).
Loss channels in triplet-triplet annihilation photon upconversion: importance of annihilator singlet and triplet surface shapes † Triplet-triplet annihilation photon upconversion (TTA-UC) can, through a number of energy transfer processes, efficiently combine two low frequency photons into one photon of higher frequency. TTA-UC systems consist of one absorbing species (the sensitizer) and one emitting species (the annihilator). Herein, we show that the structurally similar annihilators, 9,10-diphenylanthracene (DPA, 1), 9-(4-phenylethynyl)-10-phenylanthracene (2) and 9,10-bis(phenylethynyl)anthracene (BPEA, 3) have very different upconversion efficiencies, 15.2 AE 2.8%, 15.9 AE 1.3% and 1.6 AE 0.8%, respectively (of a maximum of 50%). We show that these results can be understood in terms of a loss channel, previously unaccounted for, originating from the difference between the BPEA singlet and triplet surface shapes. The difference between the two surfaces results in a fraction of the triplet state population having geometries not energetically capable of forming the first singlet excited state. This is supported by TD-DFT calculations of the annihilator excited state surfaces as a function of phenyl group rotation. We thereby highlight that the commonly used ''spin-statistical factor'' should be used with caution when explaining TTA-efficiencies. Furthermore, we show that the precious metal free zinc octaethylporphyrin (ZnOEP) can be used for efficient sensitization and that the upconversion quantum yield is maximized when sensitizer-annihilator spectral overlap is minimized (ZnOEP with 2).
Introduction
As an energy source the Sun has enormous potential to provide mankind with large amounts of clean and renewable energy. 1 Accordingly a great deal of research is focused on developing efficient ways of converting solar photons to usable and storable forms of energy. [2] [3] [4] [5] [6] [7] [8] [9] However, most direct ways of utilizing solar photons are limited to only the part of the solar spectrum that provides sufficient energy for driving the desired processes. One possibility to access the otherwise wasted, low-energy photons is through photon upconversion. Photon upconversion (UC) is a process that generates high energy photons from two, or more, low energy photons. A number of processes are capable of achieving this, with the two most relevant for solar energy applications being energy transfer in lanthanide ion-doped materials and triplet-triplet annihilation (TTA) in organic molecules. 10, 11 In the last decade there has been renewed interest in TTA-UC amongst chemists, biochemists and physicists as new and improved systems have been applied in e.g., bio-imaging, [12] [13] [14] [15] [16] photo-dynamic therapy 17, 18 and solar energy applications. [19] [20] [21] [22] [23] [24] [25] [26] TTA is also important in OLEDs as it makes otherwise dark triplet states accessible. 27 TTA is a bimolecular process that occurs between two molecules in their lowest triplet excited state, which form one higher excited singlet, triplet or quintet state. 28 If the formed excited state is a singlet, the TTA process can result in delayed fluorescence as observed by Hatchard and Parker half a century ago. [29] [30] [31] [32] With proper design of the molecular system TTA can lead to anti-Stokes shifted delayed fluorescence, 30, 33, 34 when TTA-UC systems, all possible loss mechanisms must be understood in detail. One loss mechanism, frequently invoked to explain efficiencies lower than 50%, is the so called spin factor which originates from the statistical probability of forming a singlet state when two triplets are combined. Initially, this spin-statistical factor was believed to limit a TTA-UC system efficiency to 5.5% ‡ but this notion has since been dismissed, due to many reports of efficiencies well above that. 23, 37 Still, a full understanding of the impact of the spin-statistical factor as well as other loss mechanisms is missing. This makes it difficult to rationally design new annihilators for more efficient TTA-UC. In fact, the only explicitly formulated design parameters for the two involved species, the annihilator and the sensitizer, are based on a few basic requirements. 35, 38 The sensitizer should have; high absorption coefficient, close to quantitative triplet yield, long lived triplet state (410 ms), small singlet-triplet splitting minimizes energy losses, For the annihilator the triplet energy should be slightly lower than the triplet energy of the sensitizer to ensure efficient triplet energy transfer, two times the annihilator triplet state energy (2 Â E T 1 ) must be higher than the energy of the annihilator first excited singlet state (E S 1 ). In other words eqn (1) must be fulfilled.
2 Â E T 1 should optimally also be less than the energy of the first quintet (E Q 1 ) state and second triplet state (E T 2 ), eliminating the possibility of forming these parasitic states during the TTA process.
Finally, the annihilator should have a high fluorescence quantum yield.
Besides these fundamental considerations it is important that the emitted light is not reabsorbed by the sensitizer, in other words there should be a small spectral overlap between the sensitizer absorption and annihilator emission. Ideally the sensitizer and annihilator should consist of cheap, non-toxic and abundant materials.
Even with all the above requirements fulfilled the overall UC quantum yield (F UC ) might, however, be low. One example of such a case is the combination of 9,10-bis(phenylethynyl)-anthracene (BPEA, 3) with the sensitizer meso-tetraphenyltetrabenzoporphyrin palladium (PdPh 4 TBP). 16, [39] [40] [41] To the best of our knowledge there has been no report of BPEA (3) with a F UC greater than 5% in low-viscosity solvents. 16, [39] [40] [41] This is surprising as the similar chromophore DPA (1) has successfully been used as an annihilator with F UC well exceeding 15%. 23, 42 This discrepancy between two chromophores that both appear to fulfill the basic requirements illustrates the limitations of the design strategy outlined above and so far most UC-pairs are based on a few similar molecular structures. 26 Thus, we set out to do a detailed investigation of the differences between DPA (1, Fig. 1 ) and BPEA (3, Fig. 1 ) and ultimately understand the loss mechanisms involved in TTA. We synthesized a hybrid analogue similar to both 1 and 3 with one ethynyl spacer between the anthracene core and the phenyl side-group, 9-(4-phenylethynyl)-10-phenylanthracene (2, Fig. 1 ). We find that the shape of the excited state surfaces of the annihilator plays a key role for the overall efficiency. This is especially important for conformationally flexible annihilators, as in their relaxed triplet state, eqn (1) might not be fulfilled for the whole excited population. We argue that this loss channel can have an equal or larger influence than the spin-statistical factor.
This set of annihilators also allow for a systematic study of the effect of spectral overlap, and we demonstrate clearly that with a properly matched annihilator, the precious metal free sensitizer, zinc octaethylporphyrin (ZnOEP, Fig. 1 ), is as efficient as its platinum analogue (PtOEP, Fig. 1 ), previously unprecedented with precious metal free sensitizers. We observe that the highest upconversion quantum yield (F UC ) is obtained in the system with the smallest spectral overlap, namely that consisting of 2 and ZnOEP.
Experimental details

Preparation of annihilators
9-(4-Phenylethynyl)-10-phenylanthracene (2) was directly synthesized from the commercially available 4-ethynylbenzene and the brominated derivative of 9-phenylanthracene in a Sonogashira cross-coupling reaction; full details and NMR spectra are provided in the ESI, † Fig. S2 and S3. 9,10-Diphenylanthracene (1) and 9,10-bis(phenylethynyl)anthracene (3) were purchased from Sigma-Aldrich and used without further purification.
Transient absorption spectroscopy
Transient absorption was used to study the annihilator triplet lifetimes, triplet energy transfer from ZnOEP to the annihilators and the TTA rate-constant in UC samples. Details of the setup and sample preparation can be found in the ESI. †
Upconversion setup and measurement
UC samples were prepared in pairs in a glovebox and sealed in screw-cap quartz cuvettes, with optical path length 1 cm. The samples were excited at 532 nm with a Millenia Vs continuous laser from Spectra-Physics Lasers, the excitation intensity was varied using a neutral density filter and the intensity measured using a power-meter from Starlite Ophir. The laser spot diameter was determined to 2.5 mm using laser alignment paper. The emission was recorded at 901 angle using a Spex1681 (YJ Horiba) monochromator and a Photo-Multiplier Tube detector.
The upconversion quantum yield (F UC ) was determined by relative actionometry using Cresyl Violet in methanol (fluorescence quantum yield, F r = 54%) 43 as reference. The reference was measured at the maximum excitation intensity and F UC was calculated from eqn (2):
where A i is the absorption at the excitation wavelength, F i is the integrated emission, I i the excitation intensity and Z i is the refractive index of the solvent, subscripts x and r denote the sample and reference, respectively. It is important to note that the maximum upconversion quantum yield is 50% as two low energy photons are consumed to produce one photon of higher energy.
DFT calculations
Density functional theory (DFT) as well as time dependent DFT (TD-DFT) calculations at the B3LYP/6-311+G* level [44] [45] [46] [47] using the NWChem 6.5 software package were carried out to further elucidate the optical properties of the annihilator molecules. 48 To evaluate the sensitivity of the results to the choice of the exchange-correlation functional, we also conducted calculations using the CAM-B3LYP functional, 49 which yields similar results. For further details, see the ESI. † 3 Results and discussion
Spectral characterization
In Fig. 2 the absorption and emission spectra of the anthracene derivatives (1-3) in toluene are compared to the ZnOEP and PtOEP absorption spectra. The fraction of reabsorbed photons (a) is a function of sensitizer concentration (c S ), path length (l) and wavelength (l), as described by eqn (3). 50 aðlÞ ¼
where F(l) is the fluorescence intensity of the donor and e(l) is the molar absorptivity of the sensitizer.
To compare the annihilator-sensitizer pairs we calculate the fraction of reabsorbed photons using the actual concentrations used in the UC samples (c S = 16 mM) and half of the cuvette path length (l = 0.5 cm). Under these conditions the combination of 2 with ZnOEP has the smallest fraction of reabsorbed photons (2.9%) whereas 1 and ZnOEP has the largest (35.8%), Table 1 . To emphasize the spectral window where the sensitizer has minimal absorption the wavelength region is highlighted in Fig. 2 .
To the best of our knowledge there are only a few recent reports 42 ,51,52 of zinc porphyrins as sensitizer for TTA-UC. Aulin et al. observed that, with 9,10-diphenylanthracene (1), ZnOEP was not as efficient as the precious metal analogues PdOEP and PtOEP. 52 The authors invoked less efficient triplet energy transfer to 1 as a reason. This is a consequence of the first excited triplet state (T 1 ) being lower in energy for ZnOEP compared to PtOEP and PdOEP, resulting in a reduced driving force for triplet energy transfer to 1. This can, however, be overcome by use of high annihilator concentrations (vide infra).
We recently reported that, at low sensitizer concentrations and high annihilator concentrations, ZnOEP was efficient in sensitizing 1.
42 These contradicting observations can be explained by the relatively large spectral overlap between the ZnOEP absorption and the emission from 1, Fig. 2 . A small spectral overlap is particularly important when using high concentrations of the sensitizer, which e.g., is necessary in thin solid films where a high concentration is needed to absorb the majority of the photons.
Triplet energy transfer to the annihilators
The triplet energy transfer (TET) from sensitizer to annihilator follows Stern-Volmer kinetics (Fig. S4 , ESI †). Even though ZnOEP has a triplet state energy of 1.78 eV [53] [54] [55] (Fig. 3) , which is lower than that of PtOEP (1.91 eV, determined from phosphorescence at 650 nm in degassed toluene), they both efficiently sensitize the triplet states of 2 and 3. The diffusion limited bimolecular quenching constants (k TET ) are presented in Table 1 . The more blue-shifted annihilator 1 is not as efficiently sensitized by ZnOEP, (k TET = 7.83 Â 10 8 M À1 s
À1
) because 1 has a triplet state higher in energy compared to 2 and 3, thus decreasing the driving force of TET from ZnOEP to 1. This is not surprising as both 2 and 3 have red-shifted absorption compared to 1 which is paralleled by the triplet state energies as shown by the calculations, vide infra (Fig. 3) . At sufficiently high annihilator concentration the TET from ZnOEP to 1 can, however, still be close to quantitative (F TET 4 97% for concentrations [1] 40.35 mM, see Fig. S5 , ESI †) and should therefore not limit the UC process at these concentrations.
The experimental findings are in good agreement with our TD-DFT calculations, where the T 1 -S 0 excitation energies (E T 1 ) calculated at the singlet ground state structure are 1.76 eV, 1.51 eV and 1.28 eV for 1, 2 and 3, respectively. The calculated energies for 2 and 3 are also very close to that previously reported. 56 The calculated energies are summarized in Fig. 3 and further details can be found in the ESI. † The calculated E T 1 for 1 (1.76 eV) is in excellent agreement with that determined experimentally (1.77 eV). 57 Based on experimental data, the E T 1 energy of 3 has been estimated to lie in the range 1.36-1.82 eV, 58 slightly above the calculated value (1.28 eV). Our experiments, however, strongly suggest that the upper limit of this interval must be substantially lower as ZnOEP (E T 1 = 1.78 eV) efficiently sensitizes 3. Furthermore, the calculated S 1 -S 0 excitation energy (E S 1 ) of 1 (3.10 eV) is identical to the experimental 0-0 transition determined from the absorption and fluorescence of 1. E S 1 of 2 (2.74 eV) and 3 (2.44 eV) are slightly underestimated compared to the experimental 0-0 transitions which are 2.85 eV and 2.64 eV for 2 and 3 respectively. Therefore, we use the experimentally determined E S 1 energies in Fig. 3 . A reduction in the triplet state energy of the annihilator leads to a more efficient triplet energy transfer from sensitizer to annihilator. However, as mentioned above there is a requirement that the triplet energy of the annihilator (E T 1 ) must be more than half of the singlet energy (E S 1 ) as described in eqn (1) . Comparing the experimentally determined E S 1 energy to the calculated E T 1 energy the margin to fulfilling eqn (1) decreases from 1 to 2 and for 3 2 Â E T 1 is very close to E S 1 but slightly lower, as seen in Fig. 3 . As TTA-UC is still observed for 3, there must be circumstances under which eqn (1) is fulfilled (vide infra). 
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A lower singlet energy leads to a smaller anti-Stokes shift of the upconverted emission if the same sensitizer is used. In Table 1 the anti-Stokes shift or upconverted energy shift (UES) is shown for the different sensitizer annihilator pairs. The UES is calculated from the average integral weighted center points of the absorption and emission spectra of the sensitizer absorption and annihilator emission, respectively, in an upconverting sample as previously described. 26 Quantum yields and fluorescence lifetimes of the annihilators are reported in Table S1 (ESI †).
Triplet-triplet annihilation photon upconversion
To study the upconversion capabilities samples containing 0.5 mM annihilator and 15.5 mM sensitizer were prepared as described in Experimental details. To the left in Fig. 4 the upconversion quantum yield (F UC ) as a function of excitation power is displayed. To the right in Fig. 4 the UC emission intensity shows the expected initial quadratic, followed by a linear, excitation power dependency. 59 60 It is somewhat surprising that the combination of 1 and ZnOEP which has a larger spectral overlap compared to 1 and PtOEP displayed a higher upconversion quantum yield. This is also in direct contrast to what was previously reported where ZnOEP was found to be an inefficient sensitizer to 1. 52 However, in that study a B10 times higher sensitizer concentration was used and at high concentrations the reabsorption of the UC emission would be more significant, furthermore the excitation source was a ns pulsed Nd:YAG laser. Thus, considering the high triplet-yield of ZnOEP (B90% 61, 62 ) and close to quantitative TET (vide supra), UC from ZnOEP and 1 would be expected to be similar, but slightly lower, compared to the case with PtOEP at low sensitizer concentrations, where reabsorption is not as substantial.
As we observe a greater F UC in the case of ZnOEP there must be another factor influencing the UC process. To preclude that this originates from the heavy atom in PtOEP having a negative effect on the annihilator triplet lifetime through increased spin-orbit coupling, we determined the triplet lifetime of 2 in presence of low (0.5 mM) and high (50 mM) ZnOEP and PtOEP concentrations, respectively. The triplet state lifetimes, at low PtOEP concentrations, of 2 and 3 was determined to 2.41 AE 0.12 ms and 0.50 AE 0.03 ms, respectively (Fig. S6 and S7 , ESI, † respectively), shorter than that previously determined for 1, 8.6 ms. 63 A larger decrease in the lifetime of 2 was observed for high ZnOEP concentrations, compared to PtOEP and therefore the heavy-atom hypothesis was rejected. For full details see the ESI † and Fig. S6 -S10. For 2, F UC is maximized when combined with ZnOEP corresponding to the annihilator-sensitizer pair with the smallest spectral overlap. The combination of 2 with ZnOEP shows an average F UC of 15.9 AE 1.3% exceeding that of 1, which has larger spectral overlap with the sensitizer. F UC of 3 with either ZnOEP or PtOEP is low, 1.6 AE 0.8 and 1.3 AE 0.5%, respectively, which is in the same range as reported previously. 16, [39] [40] [41] This can be understood in terms of the small TTA-UC excess energy (eqn (1)) and large difference in the singlet and triplet excited state surfaces, as will be discussed below. 3.3.1 Kinetics of the TTA process. The triplet-triplet annihilation upconversion was also studied using transient absorption spectroscopy (TA); sample concentrations were 1 mM annihilator and 3.5 mM PtOEP. The sensitizer phosphorescence was monitored at 650 nm and the TA of annihilator triplets and the upconverted emission was monitored at 420 nm, 450 nm and 485 nm for 1, 2 and 3, respectively ( Fig. 5 and Fig. S13-S15 , ESI †). The initial positive response corresponds to the absorption of the sensitizer and annihilator triplets. After B0.5 ms the positive feature disappears as the upconverted emission appears as a negative feature. This negative feature then decays as the triplet relaxes to the ground state. In Fig. 5 the TA signals of 2 and the corresponding fits are shown. The kinetics of the TET and TTA is dependent on concentration of the sensitizer and annihilator and we have previously shown that the triplet-triplet annihilation rate-constant k TTA can be determined for 1 and other diphenyl-substituted anthracenes by solving the differential rate equations governing the system and fitting the results to the TA signals using k TTA as one of the fitting parameters (Table 2) . 63 , respectively, are slightly higher than for 1, 3.14 Â 10 9 M À1 s
À1
. The value for 3 is also close to that previously determined for 2-chloro-bis-phenylethynylanthracene. 64 
Loss mechanisms in triplet-triplet annihilation upconversion
The large difference of the upconversion quantum yields between the annihilators 1 and 3 suggests that there are fundamental differences and that a detailed analysis can provide valuable information about the loss mechanisms. The upconversion quantum yield depends on the efficiencies of all the involved processes as described in eqn (4):
where F i are the respective quantum yields of inter-system crossing (ISC), triplet energy transfer (TET), triplet-triplet annihilation (TTA) and annihilator fluorescence (AF). f is the spinstatistical factor, describing the fraction of TTA events resulting in an excited singlet state. f arises from the fact that the combination of two triplet states can result in 9 different spin-states, where one is singlet, three are triplet and five are quintet states. 65 It is only the singlet state that later can emit a photon and is therefore the desired result in a TTA-UC event. Usually the formation of quintet states are dismissed as being too high in energy, 66 and in cases when also E T 2 is larger than 2 Â E T 1
Schmidt and Castellano propose that the spin-statistical factor could approach unity. 65 As the quantum yields in eqn (4) can be determined from individual experiments f is usually determined as the factor to equate the measured F UC to the product of the process efficiencies. This implies that any other loss mechanism would incorrectly be included in the spin-statistical factor. For example, F ISC is 90% and 100% for ZnOEP and PtOEP respectively, and in the current UC samples F TET was determined to 100% for 3 (Fig. S5 , ESI †) with both sensitizers. At an excitation power of about 2600 mW cm À2 F TTA can be calculated to 46% and 48% for 3 with ZnOEP and PtOEP, respectively (see the ESI † for derivation and calculations of F TTA , Table S2 ). Also, the fluorescence quantum yield of 3 was determined to 85% (Table S1 , ESI †) in degassed toluene. With these efficiencies and the determined F UC values we calculate the spin-statistical factor to 5.0-5.6%. This is close to the previously suggested spin-statistical limit of 5.55% 37, 65 indicating that both the triplet and quintet channel would be accessible. We see no reason why the quintet states would be accessible in 3 but not in 1 and 2. Also, from our calculations 3 has the highest lying T 2 state, actually far above 2 Â E T 1 , compared to 1 and 2. Therefore, the low F UC of 3 cannot be primarily explained by the spin-statistical factor. One major difference between 1 and 3 is the possibility of phenyl group rotation. In 1 there is a relatively large barrier for rotation, 67 whereas for 3 rotation is almost barrier-free, resulting in many more possible conformations in an equilibrated ground state population 68 ( Fig. 6A) . In order to understand the system better we calculated the singlet and triplet energies for 1-3 as a function of phenyl group rotation ( Fig. 6 and Fig. S12 , ESI †). Obviously, depending on whether the two phenyl groups are rotated individually or simultaneously and in the same or opposite direction(s), the results are different. The differences are, however, small and do not change the overall conclusions (Fig. S12 , ESI †). For clarity Fig. 6 only shows the energies for the case when the two phenyl groups are rotated simultaneously in opposite directions, as shown in Fig. 6B and we define the angle Dy as the angle of rotation away from the equilibrium state configuration (y), i.e. Dy = y À 901 for 1 and Dy = y À 01 for 3 as illustrated in Fig. 6B . In the case of 1 with two single bonded phenyl rings, rotations away from the equilibrium geometry (y = 901) are restricted to a range of about Dy = AE301 when allowing for an energy change of 0.1 eV (corresponding to 4 Â k B T at room temperature) or less (Fig. 6A) . The rotations cause a stronger coupling between the p-system of the phenyl rings and the extended p-conjugated system of the anthracene, leading to a red shift of both singlet (Fig. 6C, top) and triplet (Fig. 6C, bottom) excitations. Since the effect is less pronounced for the latter the TTA-UC energy excess, as described in eqn (1), becomes more positive with rotations (Fig. 6D) .
The opposite behavior is true for 3, which features two phenylethynyl units. Here, an angular range of up to Dy = AE901 is readily accessible within 4 Â k B T at room temperature (Fig. 6A) . In contrast to 1, rotations cause a less planar geometry for 3. This leads to a decrease in the extent of the conjugated p-system and correspondingly a blue shift of the excitation spectrum. Again singlet excitations (Fig. 6E , top) are found to be more sensitive to side-group rotations than triplet excitations (Fig. 6E, bottom) . In the case of 3, however, this causes the TTA-UC energy excess to decrease at large angles (Fig. 6F) . Due to the long lifetime of the triplet excited 3 an equilibrium population will have a relatively broad distribution of geometries and since 2 Â E T 1 is close to isoenergetic with E S 1 at the planar geometry, only a small part of the triplet excited population likely fulfills eqn (1) . § In a recent study by Castellano and co-workers 3 was used to achieve an unprecedented F UC of 15.5% (based on a maximum of 50%). 69 Their system studied therein consisted of a B100 times more viscous PEG solution (Z = 55 mPa s) compared to toluene solutions (Z = 0.59 mPa s) used here. According to another study, by Yokoyama et al., the viscosity affected the TTA efficiency of 1 and they found that there is an optimal viscosity where the TTA quantum yield is maximized. 70 For 1 the optimal viscosity was found to be relatively low, 0.78 mPa s. In a high viscosity system diffusion is limited, resulting in fewer collisions between annihilators during a specific time. However, this would not dramatically affect the efficiency if the annihilator lifetime is long enough.
On the other hand, the encounter complexes formed upon collision between two triplet excited annihilators would have a longer lifetime compared to the low viscosity systems. This could greatly benefit molecules such as 3, where only a few geometries result in successful annihilation, giving the annihilator time to adopt a conformation capable of singlet formation. To verify this explanation further experiments will be needed. In summary we wish to sound a note of caution for the common practice of explaining unexplained losses by introducing the spin-statistical factor. More understanding of the effect of spinstatistics on a detailed photophysical level is definitely necessary, but one must also consider other loss channels as highlighted here. We explain the large difference in F UC between the similar annihilators DPA (1) and BPEA (3) not by spin-statistics, but by a loss channel originating from the difference in the excited triplet and singlet surfaces. The important differences arise from the softer rotations in the case of 3, which are readily accessible at room temperature, that give rise to stronger changes in the excitation energies than in the case of 1 and ultimately lead to a reduction in the driving force for TTA.
Conclusions
We have studied a series of annihilators, including the efficient annihilator DPA (1), the less efficient annihilator BPEA (3) and an intermediate anthracene analogue with only one phenylethynyl substituent (2) . The series showed a gradual redshift of the absorption and emission with an approximate shift of 40 nm per additional triple bond. These annihilators were combined (1)) upon phenyl group rotation for 1. (E) Same as (C) for 3 and (F) same as (D) for 3. § We note that the calculations suggest that the 2 Â E T 1 energy difference in the case of 3 is actually negative regardless of the rotation angle (Fig. 6F) , which would imply that the conversion is not favorable under any circumstances. This very small energy difference is, however, below the accuracy that can be reasonably expected from the present calculations. Rather we focus here on the relative changes to the energy balance due to the phenyl group rotations, which can be predicted with higher fidelity.
with the precious metal free sensitizer ZnOEP and the platinum analogue PtOEP to obtain functioning TTA-UC systems. ZnOEP was found to perform better than the platinum analogue and the combination of ZnOEP and 2, the pair with the smallest spectral overlap, resulted in the most efficient system in this study with an average F UC of 15.9 AE 1.3%. The spectral overlap, however, was found to only play a minor role at the low sensitizer concentrations used here (15.5 mM) as also 1 together with ZnOEP showed a high F UC of 15.2 AE 2.8% despite the much larger spectral overlap. For all three annihilators the combination with ZnOEP resulted in the highest F UC . These results clearly demonstrate that the precious metal free sensitizer ZnOEP is efficient, especially when combined with an optimal annihilator. Our work here highlight the need for a detailed photophysical understanding of TTA-UC systems in order to design more efficient and sustainable materials.
Furthermore, in accordance with previous studies, 16, [39] [40] [41] we also found that 3 with both sensitizers showed a low F UC of about 2%, even though inherent processes such as triplet energy transfer, triplet-triplet annihilation and annihilator fluorescence all are efficient in these systems. Previous studies have not addressed this issue and here we explain the low F UC with a, not previously considered, loss factor, namely that if the excited state singlet and triplet surfaces have very different shapes the energetic requirement 2 Â E T 1 4 E S 1 might not be fulfilled for the whole excited triplet population. Our results thereby demonstrate the sensitivity of not only the excitation spectra but the TTA-UC energy balance (eqn (1)) to thermal vibrations. In particular, the rotational motion of side groups has a sizable impact in this regard. These findings contribute to the overall understanding of the requirements for designing efficient TTA-UC systems and it illustrates that the understanding of the TTA process is still very incomplete and that simply explaining losses as arising from spin-statistics is an oversimplification that should be applied with caution.
